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Chapter 1 
1.1. (a) From Appendix 2, 
ee oe. Seer 
= = = u 
e Sree EET 0.73756 x 1055.06 
1 


= ————— x 2.9307 x 10-4 kWh 
0.73756 x 1055.06 


3.76614 x 10-7 kWh 


(b) 1 gal = 231 in.? = 231 x 2.543/1000 = 3.7854 L 
(c) 1 Btu/lb mol = 1055.06/0.45359237 
= 2326 J/kg mol 


65.25 days (close enough - exact value is 

365.2422454 days). 1 day = 60 x 24 = 1,440 min 

1 microcentury = 100 x 365.25 x 1440 x 10° =52.596 
say 53 minutes. 


1.3. (a) Find z from Eq. (1.61) by multiplying by v/RT: 


z= DY 1l-c/vT? es) a l 2) 
RT v o`y VRIS v 


Clear of parentheses and collect terms in l/v, 
Sie". and 1/v?: 


af Ç A, 1 cB, aA | 
zel+e—_ = — = = ame & = - ——— 
= By 5 + 2 bB, 5 + ) 


The virial coefficients are 
3 
B = B, = A,/RT - c/T 


cent 3 
Cc dB, + aA /RT - cB /T 


3 
D cbB /T 
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(b) Since 1/v = p, where p is the molar density, 


z=1+ 0B + 0c + eD. Also, since 1 kg mol/m” = 


1 g mol/l, the equations for z, B, C, and D calculated 


from the values of As» Bo a, b, and c given in the 


problem statement can be used with SI units without change, 
provided the pressure is given in atmospheres. 


For air, in SI units, 


B = 0.04611 - 1.3012/0.08206T - 6.6x10°/T? 


a 
© 


04611 (1 - 343.89/T - 1.431 x 10’/T°) 
C = 0.01101 x 0.04611 + 0.01931 x 1.3012/0.08206T 


0.04611 x 6.6 x 10°/T? 


= 5.0767 x 107° (1 + 603.13/T - 5.99 x 107/T?) 


D = -0.01101 x 0.04611 x 6.6 x 10°/T? = -335/T? 
(c) At T = 300K 


B = 0.04611 - 15.8567/300 - 6.600 x 10°/300° 


= -0.03119 
C= 5.0767 x 10. + C.30615/300 - 3.04326 x 10°/300° 
= 4.0104 x 10 


-335/300° = =). 341 E T 


D 


= 3 
When v = 0.200 m/kg mol, C = 5 kg mol/m, and 


- -> 
gj E E a E a T N E EE E 
= 1 - 0.15595 + 0.01003 - 0.00155 = 0.8525 


t- Basis: 1 minute; flows in g mol/min 
Molar volume at 15.6°C and l atm: 


0.02241 x (15.6 + 273.2) 


773.7 = 0.02369 mol/min 
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Entering tower 


Moles of gas: 28.32/0.02369 = 
Moles of NH: 0.25x 1195 = 
Moles of air: 1195 - 299 = 


Leaving tower 


1195 mol/min 
299 mol/min 


896 mol/min 


Moles of NH4: 0.005 x 826 E ee 
Per cent of NH 

3 4.5 a 
not absorbed: 299 * 100 = 1-58 


Vapor pressures of water (Appendix 8) 
At 37.8°C: 0.949/14.696 = 0.0646 atm 
At 21.1°C: 0.363/14.696 = 0.0247 atm 
Partial pressure of water in entering 
Partial pressure of dry gas: 
Water in inlet gas: 


NH + air leaving tower: 4.5 + 896 = 


2.02 - 0.0646 = 
(0.0646/1.9554)1195 = 39.5 mol/min 


0.0646 atm 
1.9554 atm 


gas: 


900.5 mols/min 


Water in exit stream: 900.5 x 0.0247 _ 11.1 moi/min 
: i 2.02 - 0.0247 si ena fas 
Water condensed: 39.5 - 11.1 = 28.4 mol/min 


NH, absorbed: 299 - 4.5 = 294.5 mol/min 
Since the leaving solution is 10% NH, by weight, the total 
water in this solution is 294.5 x 17 x 0.90/0.10 = 
45058 g/min 
Density of water: 998 kg/m? 

- 3 
Volume flow of water: 60 x 45058 x 10 3/998 = 2.71m /h 


gi 


Basis: 1 hour 


(a) 


Volume of entering gas: 
16,965 ft?/h 


Volume of one 1b mol, 


(b) 


359 x (469 + 80)/492 = 394 
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Air entering: (16965/394) (0.75) = 32.29 mol/h 


NH, entering: (16965/394) (0.25) = 10.76 mol/h 
NH, leaving: (32.29) (1/99) = 0.33 mol/h 
NH absorbed = 10.43 mol/h 


Absorption: 10.43 x 17 = 177 1b NH,/h 


1-6 Basis: 1 hour 
NaOH fed: 25x 0.1 = 2.5 tonnes 
NaCl fed: 25x 0.1 = 2.5 tonnes 
Water fed: 25 x 0.8 = 20.0 tonnes 
All the NaOH appears in the concentrated liquor 
(c) Total mass of concentrated liquor: 


2.5 x 100 
50 
(a) Water in concentrated liquor: 0.48 x 5 = 2.4 tonnes 


= 5 tonnes or 5000 kg/h 


Water evaporated: 20 - 2.4 = 17.6 tonnes or 
17,600 kg/h 
(b) Salt in concentrated liquor: 0.02 x 5 = 0.1 tonne 
Salt precipicated: 2.5 - 0.1 = 2.4 tonnes or 
2,400 kg/h 


1.7. Use Eq. (1.60) with Z, = Z, and W, = 0. 
Also, H, - H, = C, (T, - T,)- From Eq. (1.60), 


ue u 
Q b å 
= (T-T) + -sonra 
m 2g,J 
where c = the specific heat at constant pressure 
Ta Ty = air temperatures at entrance and exit 
ah = air velocity at entrance and exit 
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Substituting the values from the problem statement gives 


2 2 
Q 140- Soe: e Sa 
m ~ 0-24 (140-40) + 3332.174 x 778 


24 + 0.06 = 24.06 Btu/lb 


1.8. Left-hand term: [h]-H Li] 


“17 
a 


Exponents of L: -05-1+0.i7-067 = -2 
Exponents of 7: -0.5+0.17-@.67 =-} 
Exponents of 7: -0.33-0.67=-1 
Exponents of M: 0.5-0.17-0.33 -0 


n -i a a n a 
For the term: HL t T`. All terms have the 


Same dimensions. 
= a ra te she owe ar e 
1.9. [ap]= [V] ef [u] [DT [D] 
Pressure has the units of force per unit area, 


say N/m’. From Eq. (1.6) this becomes 
kg.m/s*.m = kq/m.s* or mass per unit length 
per time squared. Hence 


MEt aLI M UMLI LE 


Exponents of M: =b+c (13 
Exponents of L fea-3b-crdse (2) 
Eyponents of F: -2=-4 -t £3) 
% Vv 
Retain exponents c and e. From Ea. (1), 
beale-c 
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From Eq. (3). a= 2- c£ 
From Eq. (2), d=-1- a+ 35+ c-e 
= -1-24¢+3-3c-e=0-c#-e 


Hence 


[ap] =[7 bel LT TT 


Grouping by exponents, 


2) (ae) (3) 


The first group on the right is the reciprocal of the 
Reynolds number, Re. Any dimensionless group can be 


inverted without affecting its validity in the correlation. 


1.10. Power output: 360,000 kW = 360,000 kJ/s 
Heating value: 30,000 kJ/kg 
Rate of coal feed at 100% efficiency: 12 kg/s 
Rate at 38% efficiency: 
(12 x 3600)/(0.38 x 1000) = 113.68 T/h 
1.11. From Eq. (1.28), 
7, = 32 + 1.87- 
if = QST 
1.8 7- 7=-32 
T= -40 
Hence -40 °F = -40 °C 
Since 7 in °R = 1.87 in K, the only temperature where 


they are equal i$ absolute zero. 
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1.12. Basis: 100 kg product, which contains 95 kg dry solids and 
5 kg water. 
Mass of feed: 95/(1 - 0.65) = 271.4 kg 
Feed rate (1200 x 271.4)/100 = 3257 kg/h 
Water in feed: 0.65 x 3257 = 2117 kg/h 
Water in product: 0.05 x 1200 = 60 kg/h 
Water removed: 2117 - 60= 2057 kg/h 
1.13. Basis: 100 kg wet pulp, which contains 66kg water and 34 
kg dry solids. 
Water removed: 66 x 0.53 = 34.98 kg 
Water remaining: 66 - 34.98 = 31.02 kg 
Dried pulp: 34 kg solids + 31.02 kg water or 65.02 kg total 
Moisture content: 31.02/65.02 = 0.477 or 47.7% 
Product per kg feed: 65.02/100= 0.6502 kg 
1.14. Basis: 1 kg dry solids. 
Feed: 1/(1 - 0.82) = 5.556 kg 
Product: 1/(1 - 0.40) = 1.667 kg 
Feed rate to make 800 kg/h product: 
(BOO x ag, sas = 2,667 kg /h 


h Cu DG 
pene A] | - (2 7 


Multiply both sides by 2© and L.H. side by 4/k to give 
i 


h uw DGk AD K” DG (DG TDG 
G ee u k = k cu TE) = mara bx e A 


i 
Thus: Nu = Pr“ f’ (Re) 
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1.18. 1 Ib mol = 453.59 g mol (App. 1). At 1 atm, 20°C, 
Number of molecules of oxygen, from Avogadro’s number: 
0.209 x 6.022 x 10% x 453.59 = 5.71 x 10% 
Number is not affected by temperature or pressure. At 
1 atm and 30°C, in 1 kg mol the number is: 
0.209 x 6.022 x 10?3x 1000 = 1.259 x 1075 
Noles The internal energy £ of an object is the product of its 
mass and the sum of its kinetic energy, potential energy, 
and enthalpy. The change in internal energy, A£, therefore 
equals the left-hand side of Eq. (1.59), and we can say, 
Af= Q0-W 
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Chapter 2 


2-1. Use Eq. (2-10) noting thar 


L g/em” = 1000 kg/a”. Quantities needed are: 
g = 9.80665 ait (Eq. (1-13))} Ra = 0.2 m 


Pa - Pp “ 9-80665 x 0.2 (13.6 - 1.6) 1000 


= 23536 kg - m/m -s7 = 23536 N/a? 


2-2, Find a relation between temperature and elevacion, 
From the given conditions: 
et = = = =» — 9.005 
dz 1000 
Integrating between limits, setting T = 288K at Z = 0 gives 
T = 288 - 0.0052 
Substituting for T in Eq. (2-6) and integrating gives 


Ph 2, 
as. AP dz 
Since Z = 0 
p 
s YE 288 
sat a bask 1" 755 ~ 0.005 S, 
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Given: Pa/ Pp = 760/380 = 2 g = 9.80665 m/s? 


= 29 kg/kg-mol R = 8314.3 J-K/kg mol (Table 1.2) 


= (kg -m 25" )K 
8314.3 kg mol 
Note also that the coefficient 0.005 has the units K/m. 
Substituting gives 


9.80665 x 29 288 


in 333 - 0.0052, 


in 2 = 5.005 x 8314.3 


from which Za = 5550 m. 


2-3. Quantities needed for substitution in Eq. (2-4) are: 


P, = 380 mm Hg = 0.5 atm = 0.50663 x 10° N/m? 


P, = 760 mm Hg = 1.0 atm = 1.01325 x 10° N/m? 
(see Appendix i) 


Average pressure: p = 0.75 atm 
` 29 = 0.75 
0.02241 ~ 1 


6.9705 kgia 


Density of air: = 970.5 g/m" or 


2 2 
g = 9.80665 m/s Berm kg-m/N-s™ 
5 
(1.01325 - 0.50663) x 10° _ 9.80665 -72 
oor 0.9705 i a 
ZT Z = 5323 m 


Error: 5550 = 5323 = 227 m 
or (227/5550) x 100 = 4.1% 


2-4. (a) From Eq. (2-14), 


Zaz = Zar ll ~ [e fa’ + Ley fe pa 


Given PoPa = 1020/1109 = 0.9197 


Zai = O16 fy = i 
Zaz = 0.641 ~ 0.9197) + 140.9197) = 0.97679 m 
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(b) Differentiating the equation in part (a), 


dZaa = (1 - f% a) dZa: 


For finite increments, therefore, 


NA Zaz J0 
Alar = = = t 
1 - [fe fa 1 = G,9177 
= 623 mm or 0.625 m 
2-5. Use Eg. (2-15). Quantities needed are: 
JA at 3500 (from Appendix O) = 0.72 cP 
Pa = 1109 kg/m“ Pe = 1020 kg/m” 
Thus: 
100 3 Oa 72 
= —— = 0.809 h 
1109 - 1020 
Volume of chlorobenzene: 
(9.809 x 1600)/1199 = 1.167 m> 
Volume of wash: 
(9.809 x 2100)71020 = 1,666 m= 
Total volume: 1.167 + 1.666 = 2,633 m“ 
Volume of separator, allowing for 19% vapor 
space: 2,833 x 1,19 = 3.12 mm 
2.6. Use Eq. (2.8) uantities needed are: 
m=mn = xx 4000/60 = 209.4 rad/s 
p=1,022 kg/m 
r = 9.125 m r, = 0.075 m 
Gauge pressure: 
P -p = (209.4? x 1022(0.125? - 0.075°})}}/2 


= 224,065 N/m or 2.241 bar 
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Bea Refer to Fig. 2-6. Solve Eq. (2-17) for ra, 
given re = 0.04 ñM, fra = 0.150/2 = 0.075 me 
Find ra. To give equal volumes of the two 
liquids, TT (ra? — re?) = {Y ire? — 74%) 


Fa? = 9.047 = 0.0757 = r7 


ra ere = Pe fa + fe’ fa re? 


[efa = 1020/1109 = 0.9197 
ra? = 0.067(1 — 0.9197) + (0.9197 x 90.04) 
= 0.00176 


0.042 m or 42 mm 


k 
D 
ii 


2.8. Densities are: For water, p,= 62.23 lb/ft’. 


For air: p= ee ERLE E 1b/ft? 
359 x 14.59 x 299.15 
(a) From Eq. (2.10): p- p, =g/g. xR (a. -9,) 
it S, A _ : 
Ap = 1x {62.23 - 0.3 51.54 1b./Ttt* 
ai 
= 51.54/144 = 06.358 1lb,/in.’ 
or 0.358/14.59 = 0.0245 atm. 


ig 


(b) Neglecting r, gives Ap = —(62.23) = 51.86 Lb ie: 


12 
51.86 -51.54 
Error: L a 0.62% 
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N) 
O 
"4 
-d 
in 
D 
i 
=] 
een 
N 
Ņ 
n 
D 
+ 
IN 
H 
b) 
n 
= 
p! 
v 
+ 
æ 
iD 
a) 
I} 
t 
h 
N 
= 
D 


p = 1028 kg/m? g = 9.80665 m/s? Z, = 3000 m 
p, = 1028 x 9.80665 x 3000 = 30,243,700 N/m’ 


Area of window: A =pD’/4 =xx 0.15°/4 = 0.01767 m 


Force on window: F = 0,01767 x 30243700 = 534400 N 


N 
. 
— 
D 
. 


A s eee 
Let sand be substance A and water be substance RB. 
k 


D: 2-120 
p,=143 lb/ft’ or 143 x 16.018 = 2291 kg/m 


U 
.. 
H- 
he 
. 


sand in the suspension. Basi 


From this, x = 0.389 

n ~ ~ p ~ — -- L= mg ~ 
Mass fraction: Let v be the mass fraction of Sand. 
Basis: 1500 KG, 


r e T _ 0,6547y+ 1.506(- el 
2291 99% 
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Alternative solution. Mass of 0.389 m*: 0.389 x 2291= 891.2 kg 
Mass fraction: 891.2/1500 = 0.594. 
2.11. Temperature: 10°C = 50°F 


Specific volume: v, = 0.016024 ft?/lb (Appendix 7) 
Density: e= 1/4 = 63.41 Ib/ft4 or 
62.41 x 16.018 = 999.7 kg/m? 
From Egs. (1.15) and (1.6), 
1 atm = 1.01325 x 10% Pa = 1.01325 x 10° kg/m. s? 
From Eq. (1.13), g= 9.80665 m/s? 
Substituting in Eq. (2.4), 


_ 1.01325 x 10 
~ 9.80665 x 999.7 

10,34 x 3.281 = 33.91 ft 
2.12. From Eq. (2.4), 


Z — Z; 


= 10.34 or, from Appendix 1, 


x 9.80665 x785 x 10 
P P, = 1000 


2.13. Use Eq. (2.7). Assume p,= 1 atm. Height Z, - Z, =- 8848 m 
M=29 T=273.15K AR=8314.47 kg-m?/kg mol-s? (See 


Eq. (1.8)). Then the exponent is — 2.00961 227s -BS S iig 


8314.47 x 273.15 
From Eq. (2.7), p, = 1/81% = 1/3.0283 = 0.330 atm 
2.14. (a) Radius of small tank: 75 = 0.3m Lengthl,=3m 


= 76.98 kPa 


Volume 4 = 3(x x 0.3?) = 0.848 m3 
Large tank: V: = 12i = 12 x 0.848 = 10.12 m3 
If n/L; = 0.3/3 = 0.1 as before, 
Volume 4 = xn? X 107, = 31.4277 = 10.12 


fi = 0.322 n = 0.685 m z= 6.85 mM 
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(b) Eq. (2.15) implies that the settling time is independent of 
the size of the vessel. Small slow-settling drops would actually 
take longer to be separated in a large tank than in a small one. 

2.15. The manometer reading does not change because, aerated or 
not, there is the same mass of liquid above the bottom of the 
reactor. By placing the upper connection of a second 
manometer slightly below the normal liquid level and the lower 
connection slightly above the gas outlet, the change in reading 
when the air is turned on divided by the initial reading is the 
relative density of the aerated liquid. This can be used to 
estimate the height of the aerated liquid. 

2.16. For octane and toluene the densities at O°C and 100°C are 
calculated from the formula on p. 2.98 of Perry’s Handbook, 
7* edition, and the constants given on pp. 2.94 and 2.95. The 
density of water is found from Appendix 6. The results are: 


Compound Density, kg/m? Rate of change, kg/m3/°C 


Pa Piaa Ap/AT % Change/ 10°C 
Octane 718.6 635.8 0.828 lug 
Toluene 887.1 791.5 0.956 13) 
Water 999.8 958.4 0.414 0.4 


The rate of change for the organics is roughly 3 times that for 
water. Furthermore, the density of water goes through a 


maximum at about 4°C. 
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